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Abstract: In this paper we report phase modulation obtained by inducing a 
capacitive charge on graphene layers embedded in the core of a waveguide. 
There is a biasing regime in which graphene absorption is negligible but 
large index variations can be achieved with a voltage-length product as small 
as V K L K ~ 0.04 V cm . Examples of phase induced changes are computed 
for straight waveguides and for microring resonators showing the possibility 

O |. to implement several optoelectronic functionalities as modulators, tunable 

O ' filters, and switches. 
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1. Introduction 

Fundamental properties and potential applications of carbon-based structures are of interest 
in emerging nanoelectronics and nanophotonics. Graphene is a planar atomic layer of carbon 
atoms bonded in a hexagonal structure that has shown fundamental physical properties different 



from those of semiconductors [!l ]. In graphene, the energy-momentum dispersion is linear over 
a wide range of energies in contrast to the typical parabolic shape of semiconductor valence and 
conduction bands. This linearity leads to a zero gap and to a massless condition for electrons 
with a consequent energy independent velocity analogous to sound waves. Another property of 
graphene is the single layer, or 2D, structure that leads to an enhancement of the interface elec- 
tric field that may be used for controlling large carrier concentrations with low gating voltages. 
Integrated optical modulators in silicon are key components in an photonic circuit. The basic 
mechanisms that alters the amplitude or phase of the propagating light are based on different 
effects. Plasma dispersion effect is the most used, in this case electrically induced change in 
the carrier concentration provides a change in material absorption and refractive index propor- 
tional to the carrier density |JZ|. However due to the nature of the physical mechanism phase or 
amplitude variation never act independently. In addition, residual carrier density occurring un- 
der modulation or partial field overlap with electrodes limitate performances in extinction ratio 
or in insertion loss. Franz Keldish or Quantum Confined Stark effect (QCSE) are alternative 
mechanisms used in Ge pin or in Ge and III-V quantum wells [3J|4]. In these cases the effect is 
limited to the spectral band near the semiconductor band edge. As for plasma dispersion based 
devices even in this case insertion loss due to carriers must be traded off at the expenses of a 
large extinction ratio. 

Recently a single sheet of graphene on a silicon waveguide has been reported to provide 
an efficient low consumption electro absorption modulation (5|. In the reported modulator the 
interband transitions of photo-generated electrons are modulated over broad spectral ranges by 
the drive voltage, so an efficient broadband optical graphene modulator has been demonstrated. 

In the present paper we will show that in a certain range of biasing voltages it is possible 
to discriminate amplitude modulation against phase modulation. This property is specific of 
graphene and indicates that beyond the conventional amplitude modulation already demon- 
strated in ref.|5), graphene can be used as a phase modulator with negligible contribution in 
amplitude modulation and insertion loss. 

The wavelength independence of graphene along with the unique property of bias induced 
separation of electroabsorption and electro refractive index modulation makes this material 
suitable for highly efficient and broadband modulator for complex modulation formats. The 
very low insertion loss is also fundamental for the power budget of the link. In this paper we 
will examine the modulator performances for either a straight waveguide and for a ring based 
all pass geometry with the aim to envisage the best operating conditions for implementing 
an efficient and highly performing modulator for complex phase and amplitude modulation 
formats. We will also highlight that biasing a graphene multilayer requires parallel bias rather 
than in series as already shown for multilayer graphene electro-absorption modulators fl6]|7]|8]. 

2. Principle of operation 

One of the many remarkable and unique properties of graphene is that its complex conductivity 
can be tuned, even at optical frequencies, by varying the applied chemical potential, i.e. by 
adding or removing charges from the graphene sheet. 

Stauber and co-authors have derived the following expressions for the dependence of the real 
and imaginary graphene's conductivity on frequency (co), temperature (T) and applied chemical 
potential (ji c ) Q: 
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where g = 2.7 eV is the hopping parameter, ft and kg are the reduced Planck's and Boltzmann 
constants, respectively, and 
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with e the electron charge. The relative dielectric constant of graphene is simply related to the 
imaginary part of its conductivity as follows: 
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with £ = 8.85 x 10~ 12 F/m. A plot of eqs.CQ)-© is reported in Fig.© for hco = 0.8 eV (corre- 
sponding to a free-space wavelength of 1 550 nm) in the range of chemical potentials that will be 
used in the present paper. The left figure is related to the absorption coefficient of graphene and 
holds for both positive and negative values of the chemical potential. The right panel refers to 
the dielectric constant. It includes the imaginary part of the conductivity. Being the imaginary 
part of the conductivity an odd function of jic, both the cases of fx c > and ji c < are shown 
(solid and empty circles, respectively). 
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Fig. 1. a) (left panel): real part of the graphene conductivity for hm = 0.8eV (corresponding 
to a free-space wavelength equal to 1550 nm) vs the applied chemical potential fl^. Inset: 
same quantity on a broader range of applied chemical potentials, b) (right panel): relative 
dielectric constant of graphene vs. the applied chemical potential (curves labeled as i) and 
ii) respectively refer to positive and negative values of the chemical potential). 



Interestingly, in geometries including two separate layers of graphene, forming a capacitor, 
biasing in series the two plates induces equal in amplitude but opposite in sign values of 07. 
This condition leads to almost identical phase modulation in each layer, though with opposite 
sign from one the other. The overall effect is that the two phase modulations cancel each-other. 

It is worth mentioning that this geometry has been used in ref . |6| where amplitude modula- 
tion was demonstrated and, for the reasons above, phase modulation did not occur. 

In the present paper we show that, if properly biased, a variation of the imaginary part of 
graphene's conductivity may produce a visible change of the phase of the propagating wave. 
Notice that eqs.(Q]i and (0]i show that when a bias is applied to a graphene layer, both the real 



and imaginary parts of its conductivity change. Thus, a modulator based on the tunability of 
graphene's complex conductivity will in general modulate both the phase and the amplitude of 
the optical wave. 

In order to separate amplitude or phase modulation, different operating ranges must be used. 
With reference to Fig.©, for |/Xc| between 0.3 to 0.5 eV, a large variation of the real part 
of graphene's conductivity is observed (see the inset in the left panel of the figure). In the 
same range, the imaginary part of the conductivity changes as well (see eqs. Eqs.(Q]i and (01), 
leading to a signal that is both modulated in amplitude and phase. When using two independent 
layers as in ref.[|6] the phase contributions arising from the two layers cancel each other. A pure 
amplitude modulation has to contain two layers with equal in amplitude and opposite in sign 
chemical potentials. 

In the range \fic\ > 0.5 eV, the real part of graphene conductivity drops to negligible values: 
graphene has become an optically transparent material. Any change of the conductivity will 
now reflect on the dielectric constant only, eventually leading to phase modulation of the trav- 
eling signal. Differently from the previous case, if two independent layers of graphene are used, 
the same chemical potential has to be applied to the layers in order to achieve phase modulation. 
That is, the layers have to biased in parallel rather than in series. 

3. Phase modulation in the straight-waveguide configuration 

We have mentioned above that graphene's conductivity can be changed by adding (or remov- 
ing) electrical charges on it. This can be done by realizing a capacitor in which one of the 
armatures is formed by a graphene layer. In Fig.(|2) we show a possible configuration with two 
layers of graphene. The capacitor is between each graphene layer and the metal contact located 
outside the guiding region. The position of the capacitor differs from the configuration of ref . |]6] 
because we want to avoid to charge the two layers of graphene with opposite sign charges. This 
difference is the most important difference with respect to the previous configuration because 
the real part of the conductivity, o> is an odd function that changes sign when changing sign 
of the chemical potential. In Fig.© we show an example of configuration in which the two 
layers are connected in parallel. The one layer or multiple layer configuration are similar, the 
electrical circuit is simply repeated. 
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Fig. 2. Schematic diagram (not to scale) of a waveguide comprising two graphene layers 
biased so to obtain phase modulation. 



Numerical simulations with the waveguide schematically depicted in Fig.© were performed. 
A symmetric waveguide was used, where two graphene layers (each having a thickness equal to 
0.34 nm) were separated by 7 nm. Silicon enriched nitride (Si x Nn _ x -\) was the dielectric forming 
the high index contrast waveguide. The cladding was silica. 



The dielectric constants used in simulations were equal to 4.7568 for silicon enriched nitride, 
and 2.25 for silica. The thickness of both the top and bottom layers was equal to 200 nm (so that 
the overall waveguide height was roughly equal to 400 nm), and the waveguide width was set 
equal to 900 nm. Propagation of the fundamental TE mode was considered at the propagating 
wavelength Ao = 1550 nm. 

For values of the chemical potential between 0.50 and 0.70 e V, we varied the real and imag- 
inary part of the complex graphene's conductivity, and we numerically computed the complex 
effective index of the fundamental TE mode. Results of this analysis are reported in Fig.©. 

In the left panel of the figure we show the phase change per unit length that is observed when 
varying the applied chemical potential. Consider a phase modulator working in the chemical 
potential range spanning from 0.50 to 0.60 eV. A phase shift of ~ —2.9 k radians would be 
obtained in this case for each mm of waveguide. Full — % phase shift would require a waveg- 
uide length equal to ~ 350 jim. Observe however that the right panel of the figure shows that 
whenever He = 0.50 a non-negligible absorption is still present, due to the residual real part of 
the graphene's conductivity. This is in the order of 4.7 dB/mm for jj.£ = 0.50 eV, dropping to 
0.1 dB/mm values for jj^ = 0.60 eV. The differential absorption across 350 /im of waveguide 
would hence be in the order of 1.6 dB. 
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Fig. 3. a) (left panel): variation of the phase constant vs the applied chemical potential. Zero 
is arbitrarily chosen in correspondence to the phase displacement experienced by the wave 
when /if = 0.50 eV. b) (right panel): attenuation across a one mm long straight waveguide 
vs the applied chemical potential. Note the log scale in the vertical axis. Computations have 
been made for X = 1550 nm. 

A better result in terms of residual amplitude modulation could be obtained by switching 
the chemical potential from, say, 0.60 to 0.70 eV. In this case, the waveguide length should be 
raised to about 470 /im in order to obtain a full — n phase modulation, but the residual amplitude 
modulation would be limited to less than 0.1 dB. 

As a general rule, since the absorption scales exponentially with increasing chemical poten- 
tials (notice that the right panel of Fig.© is in log scale), larger values of jj,c allows for reduced 
residual amplitude. It is important to note the increase of bias voltage is limited by the break- 
down of the dielectric spacer in the contact region of graphene. In fact Hanson has shown that, 
at least for an isolated sheet of graphene, the following relation holds between the chemical 
potential and the carrier density ifiOl 
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where /</(e) = (e' £ Vc)/kBT _|_ j j j s tne Fermi-Dirac distribution, vf — 9.5 x 10 5 m/s the 
Fermi velocity and e the electron charge. 

Such density should be deposited on the armatures of the capacitor schematically depicted 
in Fig.®. Let us denote as S the capacitor surface, and assume that its dielectric spacer is 
constituted by a d = 7 nm thick alumina layer with relative dielectric constant £Ab0 3 — 10. The 
driving voltage needed to charge the capacitor is 

Q ettsS ed(eu.r) 2 
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One finds V = {3.1,4.3,5.8} Volt for /i c = {0.5, 0.6, 0.7} eV, respectively. For instance, in the 
range of chemical potentials from 0.5 to 0.6 eV the electro-optical efficiency is 2.47r/mm/V 
{V K L n ~ 0.04 V cm). 

Observe finally that the voltage required to drive graphene at 0.7 eV is possibly not yet large 
enough to cause break-down of the alumina within the capacitor armatures, but much greater 
values than pic = 0.7 eV can hardly be realized in practice. 

4. Phase modulation in the ring configuration 

The straight waveguide configuration has the advantage of being inherently wideband. On the 
downside, phase modulation in straight waveguides requires rather long propagation. We aim 
at showing now that full phase modulation can be obtained in a much more compact device 
if a ring configuration is considered instead. Clearly microring resonances imply reduction 
of bandwidth. However, we show in the following that operations over bands in the order of 
hundreds of GHz can still be obtained, with footprint dimensions limited to hundreds of square 
microns. 



Fig. 4. Left panel: Schematic diagram of the ring configurations phase modulator. Right 
panel: fields in the ring structure, with definition of the straight waveguide and ring single 
pass transmission, t and a, respectively. 

In Fig.© we show a schematic diagram of the all-pass microring filter we use as an example 
to show the effect of the change of graphene conductivity in the filter phase shift. The filter 
contains a straight bus waveguide made of silicon enriched nitride with width Wb us = 700 nm 
and height Ht, us = 400 nm which is coupled to a microring. The microring waveguide contains 
two layers of graphene and its width is Wn n „ = 900 nm. Bus to ring gaps where chosen in the 
range g ~ 1 00 -f- 200 nm, and the microring radius R e — 9 -i- 1 5 jtt m, respectively. 

The right panel of the figure shows the fields in the ring and in the bus. The input-to-output 
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We remark that in this equation a is the amplitude transmission of the field through a single 
ring round-trip, while t is the bus-to-bus (or ring-to-ring) coupler transmission, respectively. 
Moreover, q> is the field phase shift in a single ring round-trip. Let us now denote as T and y/ 
the amplitude and phase transfer function of the ring structure, respectively. They read 
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Fig. 5. Left panel: overall bus-to-bus transmission for coupler transmission t = 0.9, and ring 
transmission a = 0.99 (dashed line) or a = 0.999 (solid line). The abscissa is the round- 
trip phase shift (p. Right panel: overall bus-to-bus phase shift. Dashed and solid lines still 
refer to a = 0.99 and a = 0.999 and coincide. 

A plot of eq.([7j and ^ is reported in the left and right panels of Fig.©, respectively. Coupler 
transmission t = 0.9 was used (i.e. power coupling coefficient of 18.5%), along with a = 0.99 
(dashed line) and a = 0.999 (solid line). These values would correspond to a ring loss equal 
to 1.2dB/mm and 0.1 dB/mm respectively when the ring radius is equal to 12 /xm. The large 
coupling in the example is to show the efficiency of the resonant phase shift even for designs 
highly tolerant to fabrication errors on the centering of the resonant wavelength. Lower values 
of coupling coefficient would enhance the graphene induced phase shift but would be more 
critical because of the need of the trimming of the resonant frequency of the microring. 

Dashed and solid lines are also used in the right panel of the figure, but they almost coincide. 
If we had further increased the ring transmission a — V 1, the amplitude transfer function T 
would have been flat (i.e. the ring would have behaved as ideal all-pass filter), while the phase 
curve would have remained unchanged. In a real device the combination of a low loss ring 
waveguide and the low loss propagation with a graphene biased in the region of negligible 
loss leads to an almost ideal all pass filter, i.e. a device with small insertion loss and large 
externally induced phase change. This differs from other phase modulation effects achievable 
in photonic integrated circuits in which phase modulation is always at expenses of a large 
insertion loss caused by a non-negligible contribution of induced absorption, see for instance 
plasma dispersion effect, Franz Keldish or even Quantum Confined Stark effect. 

Thus, phase modulation can be achieved by varying only the refractive index of the waveg- 
uide in the ring. This leads to filter frequency tuning that can be exploited for tuning/trimming, 



switching or modulation. In all these respects, we believe that graphene may offer unique op- 
portunities. As a matter of fact, we have seen above that there is a wide range of chemical 
potentials which give rise to really small absorptions: the right panel of Fig.© shows that ab- 
sorption is lower than 0.1 dB/mm for chemical potentials above He = 0.58 eV. It would drop 
even further for He > 0.7 eV, but the break-down voltage of the dielectric in the capacitor limits 
too large bias voltages. At the same time, graphene's relative dielectric constant varies by a 
factor of 2 over the 0.58 < \Hc\ < 0.70eV range. 
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Fig. 6. Left panel: phase displacement iff vs. frequency for chemical potential He = 0.58 eV 
(filled squares), He = 0.60 eV (filled diamonds), He = 0.62 eV (filled up-triangles), He = 
0.64 eV (filled down-triangles), He = 0.66 eV (empty squares), He = 0.68 eV (empty cir- 
cles) and He = 0.70 eV (empty diamonds), respectively. Right panel: insertion losses vs. 
the applied chemical potential. 



Fig.© shows the behavior of the ring as a phase modulator. In the left panel, the phase shift 
\j/ vs. frequency is shown for chemical potential He = 0.58 eV (filled squares), He = 0.60 eV 
(filled diamonds), He = 0.62 eV (filled up-triangles), He = 0.64 eV (filled down-triangles), 
He = 0.66 eV (empty squares), He = 0.68 eV (empty circles) and He = 0.70 eV (empty dia- 
monds), respectively. In the right panel, insertion losses vs. the applied chemical potential are 
shown. A few comments are in order: phase curves are in close agreement with theoretical ones 
(see eq.® and FigO. Wide phase modulation can be achieved upon application of a relatively 
modest change the chemical potential. At any given frequency, full 180 phase shift requires a 
variation of the chemical potential in the order of 0.02 e V. For instance, the vertical dashed line 
in the left panel of the figure shows the phase shift for frequency equal to 194.2 THz. The phase 
is lower than -90 degrees when He = 0.62 eV (filled up-triangles). Whereas, it is roughly equal 
to +90 degrees for He = 0.64 eV (filled down-triangles) 

Losses are lower than 0.5 dB for any chemical potential larger than 0.6 eV. In addition, a 
change of the chemical potential in the order of 0.02 eV causes a really minor variation of losses. 
That is, almost pure phase modulation without residual amplitude modulation can be achieved. 
Both in terms of losses and of achievable phase shift, the operating point of the device can be 
anywhere in the range He > 0-6 eV. This suggests that the device could be operated as follows: 
a bias to set the operation frequency, and full phase shift could be obtained by modulating the 
applied voltage around the bias. This way, trimming the resonant frequency with no heating can 
be achieved and the complete functionality can be operated with negligible power consumption. 



Finally, observe that the bandwidth of operation solely depends on the applied voltage to induce 
the modification of the graphene's dielectric constant. Thanks to the efficiency of the effect it is 
not necessary to resort to large cavity Q to enhance the effect. The choice of the cavity Q would 
only impact on the steepness of the phase transition across the resonant frequency. 

5. Conclusions 

In conclusion we have shown that single or double layers of graphene embedded in the core 
of a waveguide can be exploited to induce a change in the waveguide effective index. The 
index change occurs when a suitable bias induces carriers in the graphene conduction band 
with the condition that \jic\ > Jlco/2. Under this regime graphene results transparent and a 
tuning of the bias voltage (i.e. a change of the carrier concentration in the graphene layer) 
provides a large change in the real part of the dielectric constant. Phase modulation of TE 
modes in straight waveguides and in microring resonators have been shown. Applications to 
several optoelectronic functionalities as modulators, tunable filters, switches, etc., could benefit 
either from the efficiency of the effect and for the negligible value of insertion loss achievable. 
In addition the surface charge induced in graphene is obtained by charging a capacitor, as a 
consequence the induced changes do not require current flow with benefits in terms of power 
consumption. 
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